Introduction {#section1-1533033819876918}
============

Nanosecond pulsed electric fields (nsPEFs) play an important role in the treatment of cancer. Without the involvement of toxic chemotherapeutic agents, tumor tissues can be shrunk or even eliminated by inducing apoptosis, avoiding the side effects of inflammation, ulcers, and drugs.^[@bibr1-1533033819876918],[@bibr2-1533033819876918]^ However, it is necessary to apply high-intensity nsPEFs into tumor tissues with a pair of electrodes during experiment. An excessive field intensity will easily cause surface discharge of the targeted tissue, which will also affect the progress of the treatment process and the reliability of the treatment equipment.^[@bibr3-1533033819876918],[@bibr4-1533033819876918]^

In recent years, the application potential of carbon nanotubes (CNTs) with excellent electrical properties for bioelectrical effects has attracted increasing attention. Carbon nanotubes are 1-dimensional quantum materials with special structures (nanometer-scale radial dimension and micron-scale axial length).^[@bibr5-1533033819876918]^ Because CNTs have the same lamellar structure of graphite, CNTs have high conductivity. CNTs with high aspect ratio and excellent electrical conductivity can enhance the local field strength.^[@bibr6-1533033819876918]^ Some scholars have applied this characteristic of CNTs to the research on pulsed electric field (PEF) treatment of tumors.

Stacey *et al*^[@bibr7-1533033819876918]^ introduced multi-walled carbon nanotubes (MWCNTs) into nsPEFs (50 kV/cm, 300 ns, 8 pulses) to kill the pancreatic cancer cell line PANC1 and used trypan blue to evaluate cell viability. Compared with the condition without MWCNTs, the introduction of MWCNTs reduced the cell viability by 2.3 times. It was proven that the unique electrical properties of MWCNTs were synergistic with the PEFs in killing tumor cells. Raffa *et al*^[@bibr8-1533033819876918]^ added MWCNTs to cell suspensions during PEF treatment (45-55 V/cm, 40 ms, 1 Hz, 500 pulses) of HN9 and CRFK cells to promote cell permeabilization, thereby enhancing cellular uptake of the drug macromolecules. In place of drug macromolecules, trypan blue was used to evaluate cell permeability. The experimental results showed that MWCNTs increased the cell permeability from 4% to 80%. Based on this experiment, it was proposed that the dielectric response of MWCNTs under PEF treatment might be the reason for enhanced electroporation (EP). Wang *et al*^[@bibr9-1533033819876918]^ treated breast cancer cells with PEFs (50 V/cm, 40 ms, 5 Hz, 500 pulses) in the presence of MWCNTs. The membrane permeability was immediately increased to 38.62%, which was 2.77 times higher than that without MWCNTs. In addition, irreversible EP was observed. After 24 hours of pulse treatment, only 39.23% of the cells survived, whereas 87% of the cells survived in the absence of MWCNTs. Liu *et al*^[@bibr10-1533033819876918]^ used the finite element method to simulate the interactions between single CNTs and the cell membrane under PEF treatment based on the dielectric electrophoresis theory. The results showed that the dielectrophoretic force induced at the tips of CNTs under the electric field could lead to rapid mechanical deformation of the cell membrane, thereby enhancing cell EP. All of the above mentioned studies have proven the feasibility of using CNTs to enhance the tumor cell-killing effect of PEFs from different perspectives.

However, up to now, related studies have verified the role of CNTs in enhancing the killing effect of PEFs on cancer cells only via a single parameter and at a few levels. There is no systematic and comprehensive study showing the effect of multiple nsPEF parameters combined with CNTs on cell viability. To provide reference data for selecting nsPEF parameters to treat tumors in the presence of CNTs, it is necessary to study how the introduction of CNTs affects nsPEF effects. In this article, to explore the toxicity of MWCNTs, we will systematically study the qualitative rules and quantitative function relationship between cell viability and various parameters, such as field strength, pulse width, and number of pulses, in the presence and absence of MWCNTs. We can analyze the effects of the introduction of MWCNTs on the dose effect, with the hope of providing a reference for subsequent research that introduces MWCNTs into the treatment of tissues.

Materials and Methods {#section2-1533033819876918}
=====================

Cell Culture {#section3-1533033819876918}
------------

The human skin cancer cell line A375 is purchased from Chinese Academy of Science (Chongqing, China) and cultured in Dulbecco modified Eagle medium (DMEM, Gibco, Waltham, Massachusetts, USA) with 10% fetal bovine serum (Gibco) and 1% penicillin and streptomycin (Gibco). Cells are maintained in a saturated humidity incubator with 5% CO~2~ at 37°C and are passaged once every 1 to 2 days.

Determination of Toxicity of MWCNTs {#section4-1533033819876918}
-----------------------------------

Multi-walled carbon nanotubes are purchased from the Chinese Academy of Sciences Chengdu Organic Chemistry Co, Ltd (TNM2, Chengdu, China). The outer diameter and length of the MWCNTs are approximately 8 to 15 nm and 50 μm, respectively. The microstructure of MWCNTs under a transmission electron microscope is shown in [Figure 1](#fig1-1533033819876918){ref-type="fig"}. To obtain more homogeneously dispersed MWCNTs solution, the dispersion of MWCNTs in the medium must be improved by a specific dispersing device and dispersion process before the experiment. According to the manual provided by the manufacturer, a dispersed MWCNTs solution is obtained by sonication and centrifugation, and MWCNTs are dispersed in deionized water with low viscosity characteristics. Using different volumes of MWCNT dispersion in fresh medium, the final concentration of MWCNTs is adjusted to 0, 50, 100, 200, 300, and 400 μg/mL. A375 cells in the logarithmic growth phase are digested with 0.25% Trypsin-EDTA (Gibco) and centrifuged for 5 minutes (800 rpm). The supernatant is then discarded, and the cells are resuspended in the above medium containing different concentrations of MWCNTs. The cell concentration is adjusted to 1 × 10^6^ cells/mL. The above cell suspension was kept at room temperature for 1 hour, then washed twice with phosphate-buffered saline (PBS) and resuspended in fresh medium containing no MWCNTs (cell density: 1 × 10^6^ cells/mL), and 200 μL of the cell suspension was seeded in a 96-well plate immediately. After 8 hours, cell viability was measured by the Cell Counting Kit 8 (CCK-8) assay. The control group is equivalent to an experimental group with an MWCNT concentration of 0 μg/mL.

![Microstructure diagram of MWCNTs. A transmission electron microscopy image of the MWCNTs is shown; scale bar = 50 nm. MWCNTs indicates multi-walled carbon nanotubes.](10.1177_1533033819876918-fig1){#fig1-1533033819876918}

Assessment of Cell Viability {#section5-1533033819876918}
----------------------------

A CCK-8 (Dojindo, Kyushu Island, Japan) cell proliferation assay is used to assess the cell viability. After the 96-well plate containing the cells is cultured in the incubator for 8 hours, in order to exclude the effect of the reduction reaction between MWCNTs and CCK-8 on the experimental results, the supernatant in the well is slowly aspirated using a pipette and the plate is washed twice with PBS. After washing twice with PBS, a mixed solution of 110 μL of medium and CCK-8 (10:1 ratio of medium to CCK-8) is added again, and the plate is incubated for 1.5 hours. After 1.5 hours, cell viability is assayed by a microplate reader (Epoch2, BioTek, Winooski, Vermont, USA) at a wavelength of 450 nm, and the entire test process is completed in 1 to 2 minutes. In this assay, CCK-8 is reduced by dehydrogenase in the mitochondria of cells to the highly water-soluble orange-yellow formazan product. All data are normalized with respect to the control group and the blank group (contains only CCK-8 solution and medium) to assess cell viability. The formula of cell viability is defined as:
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Where A~e~, A~c~, and A~b~ represent the absorbance of the experimental group, the control group, and the blank group, respectively.

PEF System {#section6-1533033819876918}
----------

The experimental device comprises a homemade nanosecond pulse generator based on the topology of a half-bridge modular multilevel converter,^[@bibr11-1533033819876918]^ a field-programmable gate array (FPGA) module (AX301, Altera, San Jose, California, USA), a personal computer (PC), an oscilloscope (WavePro 7 Zi-A, Teledyne LeCroy), a high-voltage probe (PPE5KV, Teledyne LeCroy, New York, USA), the Pearson Current Monitor (2877, Pearson Electronics, Palo Alto, California, USA), and an EP cuvette (2 mm gap, BTX, Holliston, Massachusetts, USA).

A schematic diagram of the experimental platform is shown in [Figure 2](#fig2-1533033819876918){ref-type="fig"}. The PC is used to program the FPGA, which outputs the drive signal to the nanosecond pulse generator. The generator output is connected to the EP cuvette containing the cell suspension to be treated by nsPEFs. Simultaneously, both the voltage across the cell suspension and the current flowing through the cell suspension are collected via the oscilloscope. The current is converted to voltage by the Pearson Current Monitor. The pulsed voltage and current waveforms are shown in [Figure 3](#fig3-1533033819876918){ref-type="fig"} with an amplitude of 1 kV and a pulse width of 300 ns.

![Experimental PEF system. The drive signal from FPGA programmed by PC was output to nsPEF generator, and the output pulsed voltage from nsPEF generator was added to EP cuvette containing cell suspension. EP indicates electroporation; FPGA, field-programmable gate array; nsPEF, nanosecond pulsed electric field; PC, personal computer; PEF, pulsed electric field.](10.1177_1533033819876918-fig2){#fig2-1533033819876918}

![Typical waveforms in the experiment. When the output voltage of nsPEF generator was 1000 V, the voltage (black) across the cell suspension and current (red) flowing through the cell suspension were shown. nsPEF indicates nanosecond pulsed electric field.](10.1177_1533033819876918-fig3){#fig3-1533033819876918}

PEF Protocols {#section7-1533033819876918}
-------------

[Table 1](#table1-1533033819876918){ref-type="table"} shows the pulse parameters used in the experiment. The pulse frequency is fixed at 1 Hz, and the MWCNTs concentration is fixed at the maximum safe dose. For the field strength *E* and pulse width τ, 5 levels are selected. And for the number of pulses *N*, 7 levels are selected. When exploring the influence of field strength on cell viability, the pulse width and the number of pulses are fixed at 300 ns and 100, respectively; when exploring the influence of pulse width on cell viability, the field strength and number of pulses are fixed at 6 kV/cm and 100, respectively; when exploring the influence of pulse number on cell viability, the field strength and pulse width are fixed at 6 kV/cm and 300 ns, respectively.

###### 

Settings of the Experimental Parameters.

![](10.1177_1533033819876918-table1)

  Parameters      Level                                 
  --------------- ------- ----- ----- ----- ----- ----- -----
  E/(kV·cm^−1^)   2       4     6     8     10    /     /
  τ/(ns)          100     200   300   400   500   /     /
  N               5       10    15    50    100   170   260

To determine how the addition of MWCNTs changes the effect of nsPEF treatment on cells, each group of experiments is performed with MWCNTs and without MWCNTs. For each EP protocol, after resuspending the cells in fresh DMEM in the presence or in the absence of MWCNTs, 70 μL of cell suspension is placed in the EP cuvette and then subjected to the corresponding nsPEF treatment immediately. For the control groups, cell suspensions with the same volume without MWCNTs and with MWCNTs are placed in the EP cuvette but are not subjected to nsPEF treatment. The only difference in the experimental operation process between the control group and the treated group is whether the group is subjected to nsPEF; the other operations are identical. After the pulse treatment, the cell suspensions are seeded in a 96-well plate, and the plate is cultured in the incubator for 8 hours. After incubation for 8 hours, CCK-8 is added to the plate and cultured for 1.5 hours. Then, a microplate reader is used to measure the cell viability of each experimental group.

Statistical Analysis {#section8-1533033819876918}
--------------------

Statistical analysis of the data is performed using OriginPro software (OriginLab, Northampton, Massachusetts, USA). Values are expressed as the mean ± standard deviation, and statistical significance between experiments is assessed by 1-way analysis of variance (ANOVA), with values of *P* \< .05 considered significant. It can look for violations of the assumptions for 1-way ANOVA by the premise that the data follow a normal distribution and the variance is homogeneous. If the data do not obey the assumption of normality or the assumption of homogeneity of variance, then there may be abnormal data. In this case, 1-way ANOVA was performed using software, and it can get the box graph of the data. At this time, the box graph could identify the abnormal data and the abnormal data would be removed from the original data.

Results {#section9-1533033819876918}
=======

Toxicity of MWCNTs {#section10-1533033819876918}
------------------

To introduce MWCNTs into research on the use of nsPEFs to kill cancer cells, the toxicity of the introduced MWCNTs must be considered. To determine a reasonable concentration of MWCNTs that would be minimally toxic, A375 cells are grown in the presence of various concentrations of MWCNTs. [Figure 4](#fig4-1533033819876918){ref-type="fig"} shows that when the concentration of MWCNTs is 300 μg/mL, the cell viability is reduced to 92% and further decreases as the MWCNT concentration is increased. There is a significant difference between the control and the MWCNT-exposed cells when the concentration is ≥300 μg/mL (*P* \< .05). In contrast, when the MWCNT concentration is ≤200 μg/mL, there is almost no change in cell viability, indicating that the MWCNTs have no effect on cell viability in this concentration range, and there is no statistically significant difference between the control and experimental groups (*P* \> .05). Based on these results, the concentration of MWCNTs is set to 200 μg/mL in the subsequent nanosecond pulse treatments of A375 cells.

![Effects of different concentrations of MWCNTs on cell viability. Cell viability was analyzed by the CCK-8 assay after incubating the cells with MWCNTs-containing medium for 8 hours. The data are presented as the mean ± SD (n = 4), n represents the number of independent experiments, and there were 3 replicates for each independent experiment. \*\*(*P* \< .01) and ^a^(*P* \> .05) compared with the control group. CCK-8 indicates Cell Counting Kit 8; MWCNTs, multi-walled carbon nanotubes; SD, standard deviation.](10.1177_1533033819876918-fig4){#fig4-1533033819876918}

Relationship Between Cell Viability and Different Pulse Parameters {#section11-1533033819876918}
------------------------------------------------------------------

The concentration of MWCNTs selected for the nanosecond pulse treatment of A375 cells is the maximum nontoxic value, which is, 200 μg/mL. With this concentration, the effects of the addition of MWCNTs on nsPEF-induced changes in cells are studied by changing the field strength, the pulse width, and the number of pulses; and a fitting formula is established between cell viability and a single parameter. [Figure 5](#fig5-1533033819876918){ref-type="fig"} shows the effect of the above 3 single parameters on cell viability. In the legend, "−MWCNTs" and "+MWCNTs" refer to "without MWCNTs" and "with MWCNTs", respectively.

![Cell viability dependence on the various parameters. Cell viability was detected using the CCK-8 assay after 8 hours of combined treatment of nsPEF and MWCNTs. A, Field strength, (B) pulse width, (C) number of pulses. −MWCNTs: cell suspension alone, +MWCNTs: cell suspension containing safe concentration of MWCNTs. The data are presented as the mean ± SD (n = 4), n represents the number of independent experiments, and there were 3 replicates for each independent experiment. Significant differences between the presence of MWCNTs and the absence of MWCNTs at each pulse dose are indicated by asterisk (\**P* \< .05, \*\**P* \< .01). \# or \#\#: Statistically different from previous column in the absence of MWCNTs (\#*P* \< .05, \#\#*P* \< .01). & or &&: Statistically different from previous column in the presence of MWCNTs (&*P* \< .05, &&*P* \< .01). CCK-8 indicates Cell Counting Kit 8; MWCNTs, multi-walled carbon nanotubes; nsPEF, nanosecond pulsed electric field; SD, standard deviation.](10.1177_1533033819876918-fig5){#fig5-1533033819876918}

Compared with the condition without MWCNTs, the addition of MWCNTs significantly reduces the cell viability but does not change the relationship between cell viability and each parameter. [Figure 5A](#fig5-1533033819876918){ref-type="fig"} shows that when the pulse width is 300 ns and the number of pulses is 100, the cell viability exhibits a sigmoid-type (S-type) attenuation as the field strength increases. [Figure 5B](#fig5-1533033819876918){ref-type="fig"} shows that when the field strength is 6 kV/cm and the number of pulses is 100, the cell viability exhibits an S-type attenuation as the pulse width increases. [Figure 5C](#fig5-1533033819876918){ref-type="fig"} shows that when the strength is 6 kV/cm and the pulse width is 300 ns, the cell viability shows an S-type decay as the number of pulses increases.

To predict the relationship between cell viability and various factors, a logistic regression model is used to fit the experimental data to obtain a formula for cell viability.

The logistic regression model has become nearly the most commonly used analytical method in epidemiology and medicine, especially for predicting the probability of a disease occurring based on risk factors. In a study of microbial thermal inactivation, Cole *et al*^[@bibr12-1533033819876918]^ proposed a logistic model for the S-type trend of the bacterial survival rate decreasing with the heat treatment time, and the model was also suitable for exponential curve fitting. The relevant formula is defined as:

S

(

t

)

=

10

(

α

\+

ω

−

α

1

\+

exp

(

4

δ

(

t

0

−

lo

g

10

(

t

)

)

/

(

ω

−

α

)

)

)

,

![](10.1177_1533033819876918-eq2.jpg)

where *t* is the independent variable; *S* is the observed biological effect; the parameters α and ω represent the common logarithm of the upper asymptote (*t* = 0) and the lower asymptote (*t* → ∞) of the curve, respectively; δ denotes the maximum slope; and *t*~0~ represents the horizontal axis position of the maximum slope.

The results in [Figure 5](#fig5-1533033819876918){ref-type="fig"} show almost no change in cell viability at the beginning of the experiments, which is close to 100; that is, the upper asymptote of the curve is 100. Therefore, the value of parameter α can be determined as:
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We can modify the logistic model as follows:
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Based on the logistic model, we use a 1-dimensional nonlinear fitting method to determine optimal values for the 3 parameters and the goodness of fit, *R*^2^, by MATLAB 2016a. Then, the functional relationship between cell viability and various parameters can be obtained, and the fitting curve and the values of *R*^2^ are shown in [Figure 6](#fig6-1533033819876918){ref-type="fig"}; *R*^2^ is used to evaluate the fitting accuracy between the predicted model and the experimental values; *R*^2^ is between 0 and 1, and values closer to 1 indicate a better fit. The optimal values of the model parameters corresponding to the fitting curves under each pulse variable are shown in [Table 2](#table2-1533033819876918){ref-type="table"}.

![Fit curve relating cell viability to various parameters. A logistic regression model is used to fit the experimental data from [Figure 5](#fig5-1533033819876918){ref-type="fig"} to obtain the formula between cell viability and various parameters. A, Field strength, (B) pulse width, (C) number of pulses. The data are presented as the mean ± SD (n = 4), n represents the number of independent experiments, and there were 3 replicates for each independent experiment; *R*^2^ between 0 and 1 is used to evaluate the fitting accuracy between the predicted model and the experimental data. SD indicates standard deviation.](10.1177_1533033819876918-fig6){#fig6-1533033819876918}

###### 

Calculated Optimal Parameter Values of the Logistic Model Under Each Pulse Variable.

![](10.1177_1533033819876918-table2)

  Logistic Model Parameters   ω        δ         *t* ~0~
  --------------------------- -------- --------- ---------
  Field strength                                 
   −MWCNTs                    0.7802   −4.252    0.7952
   +MWCNTs                    0.6878   −6.378    0.695
  Pulse width                                    
   −MWCNTs                    0.6879   −4.408    2.471
   +MWCNTs                    0.1773   −3.983    2.408
  Number of pulses                               
   −MWCNTs                    0.651    −0.8501   4.683
   +MWCNTs                    0.5392   −0.98     4.036

Abbreviation: MWCNTs, multi-walled carbon nanotubes.

The *R*^2^ values of each curve indicate that the experimental data are well fitted by the logistic model. The fitting results show that the field strength, pulse width, or number of pulses must exceed a threshold to affect the cell viability. That is, the cell viability is almost constant at low doses, and when the dose is above a certain threshold, the cell viability begins to decrease sharply and then begins to saturate after decreasing to a certain extent.

Scaling Relationship Between Cell Viability and Pulse Energy Density {#section12-1533033819876918}
--------------------------------------------------------------------

To further analyze the combined effects of 3 parameters, the field strength *E*, the pulse width τ, and the pulse number *N*, on cell viability after introducing MWCNTs, we use the multiparameter variable method to quantitatively analyze the cell viability trend for the 3 parameters. It is assumed that cell viability *S* is related to the injected pulse energy density σ*E*^2^τ*N* (σ is the conductivity of the suspension):
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where *S* is a function of the pulse-injection energy density σ*E*^2^τ*N*. The conductivity of the suspension is estimated by the voltage across the suspension and current flowing through the suspension, and the conductivities of the suspension in the presence and absence of MWCNTs are 1.06 and 1.03 S/m, respectively. Taking σ*E*^2^τ*N* as the abscissa and cell viability as the ordinate, we plot the results in [Figure 7](#fig7-1533033819876918){ref-type="fig"}. The results show that regardless of the presence or absence of MWCNTs, the cell viability as a whole follows the S-type law for changes in the pulse-injection energy density. When the pulse-injection energy density does not reach the required threshold, the viability is not substantially affected; when the pulse-injection energy density exceeds the threshold value, the cell viability begins to decrease sharply and finally stabilizes at a certain saturation value.

![The relationship between cell viability and the pulse energy density σ*E*^2^τ*N*. Experimental data and fitted lines are displayed simultaneously in the figure. A logistic regression model is used to fit the experimental data to obtain the formula between cell viability and σ*E*^2^τ*N*. The conductivities of the cell suspension in the presence and absence of MWCNTs are 1.06 and 1.03 S/m, respectively. The data are presented as the mean ± SD (n = 4), n represents the number of independent experiments, and there were 3 replicates for each independent experiment. The starting threshold energy (the position at which the curve is 10% lower than the upper asymptote value) and saturation energy value (the position at which the curve is 10% greater than the lower asymptote value) of the S-shaped fit curve are indicated by dashed lines. MWCNTs indicates multi-walled carbon nanotubes; SD, standard deviation.](10.1177_1533033819876918-fig7){#fig7-1533033819876918}

Based on the logistic model, the fitting curves are shown in [Figure 7](#fig7-1533033819876918){ref-type="fig"}. [Table 3](#table3-1533033819876918){ref-type="table"} shows the optimal parameter values and *R*^2^.

###### 

Calculated Optimal Parameter Values and *R*^2^ of the Logistic Model.

![](10.1177_1533033819876918-table3)

  Parameters   Without MWCNTs         With MWCNTs
  ------------ ---------------------- ----------------------
  ω            [0.5493]{.smallcaps}   [0.6946]{.smallcaps}
  δ            −[1.187]{.smallcaps}   −[1.39]{.smallcaps}
  *t~0~*       9.444                  8.872
  *R* ^2^      0.9812                 0.9547

Abbreviation: MWCNTs, multi-walled carbon nanotubes.

The parameter ω in the logistic model has a physical meaning which is used to determine the saturation values of cell viability in the absence and presence of MWCNTs, which are 10^0.5493^ = 3.54 and 10^0.6946^ = 4.95, respectively. The threshold values for a decrease in cell viability are both approximately 90 (the position at which the curve is 10% lower than the upper asymptote value), and the saturation values are approximately 13 and 14.5 (the position at which the curve is 10% greater than the lower asymptote value).^[@bibr13-1533033819876918]^ The pulse-injection energy density required for the cell viability to reach the threshold in the absence and presence of MWCNTs is 4338 and 3205 kJ/cm^3^, respectively, and the pulse-injection energy density required to reach the saturation value is 14156 and 7548 kJ/cm^3^, respectively. This result means that the introduction of MWCNTs can reduce the threshold energy and saturation energy required for killing cells.

Discussion {#section13-1533033819876918}
==========

Toxicity Effects of Different Concentrations of MWCNTs on Cell Viability {#section14-1533033819876918}
------------------------------------------------------------------------

Toxicity experiments with different concentrations of MWCNTs show that the cytotoxicity induced by MWCNTs is dose dependent, that is, the higher the concentration of MWCNTs is, the stronger the toxicity. Notably, in addition to containing MWCNTs, MWCNT dispersions contain a small amount of the residual catalyst and nonionic surfactant (dispersant) used to produce nanotubes.^[@bibr7-1533033819876918],[@bibr14-1533033819876918]^ Nonionic surfactants are mainly used to solve the agglomeration problem of CNTs. Studies have shown that the toxicity of MWCNTs is mainly caused by residual catalysts and dispersants and that higher concentrations of these compounds lead to stronger effects on cell viability, which is consistent with the results of our experiments.^[@bibr15-1533033819876918],[@bibr16-1533033819876918]^

In addition to residual catalysts and nonionic surfactants, MWCNTs are also toxic to cells. Multi-walled carbon nanotubes have a tendency to aggregate into the lipid bilayer of the cell membrane and pass through the cell membrane due to the mobility of lipid bilayers. Additionally, high concentrations of MWCNTs can disrupt the integrity of the cell membrane, leading to cell rupture and death.^[@bibr17-1533033819876918]^

In this article, only the toxicity of MWCNTs to isolated cancer cells was studied; however, if MWCNTs need to be introduced into the field of treating tumors, the safety of MWCNTs to tissues must be considered, which is the important work to be done in the next step of this article. The next step is to comprehensively evaluate the potential of MWCNTs combined with nsPEF in the treatment of tumors from the biodistribution, metabolism, and effects on major organs of MWCNTs *in vivo*.

Relationship Between Cell Viability and Various Pulse Parameters {#section15-1533033819876918}
----------------------------------------------------------------

Under normal physiological conditions, cells can prevent the passage of macromolecular substances due to the selective permeability of their membranes, thereby maintaining the balance between the internal and external environments of the cell. However, when a cell is exposed to an electric field, charge will accumulate on both sides of the membrane and increase the transmembrane potential. When the transmembrane potential exceeds the dielectric strength of the cell membrane, micropores are generated on the cell membrane.^[@bibr18-1533033819876918]^ The production of micropores will break the essential ionic balance across the cell membrane, thereby affecting the normal growth of the cell. For spherical cells, the threshold of the field strength required for irreversible EP can be estimated as^[@bibr19-1533033819876918]^:
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where Δϕ is the threshold transmembrane potential, *d* is the diameter of the cell, and θ is the angle between the direction of normal at the target position of the cell membrane and the direction of the electric field *E*.

In addition to the applied voltage needed to reach the threshold value, whether EP can occur depends on the pulse duration.^[@bibr20-1533033819876918]^ If the duration of the applied pulse field is too short, the charge distribution on both sides of the cell membrane will return to the initial state after the end of the pulse and will thus not lead to the EP effect. The shortest pulse duration (time constant) required for a spherical cell to reach a threshold transmembrane potential is^[@bibr21-1533033819876918]^:
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where ρ~1~ and ρ~2~ are the resistivities of the external cell medium and cytoplasm, respectively, and *C* is the equivalent capacitance of the cell membrane.

In summary, according to the principle of EP, it is known that the occurrence of EP requires not only the applied voltage exceeds a certain threshold but also that the pulse width reaches the charging time constant of the cell membrane. This situation explains why nanosecond pulse processing has almost no effect on cell viability with or without MWCNTs when the field strength or pulse width is too low in [Figure 6](#fig6-1533033819876918){ref-type="fig"}, so the cell viability exhibits S-type changes with field strength or pulse width.

It can be found that when the number of pulses is lower, nsPEF has no effect on cell viability (*P* \> .05), that is, the killing effect of nsPEF on cells has a threshold effect. Gianulis *et al*^[@bibr22-1533033819876918]^ compared nsPEF cytotoxicity for human cell lines of cancerous (IMR-32, Hep G2, HT-1080, and HPAF-II) and noncancerous origin (BJ and MRC-5) under strictly controlled and identical conditions. Although each cell line has a different sensitivity to nsPEF, for all tested cell types, a change in S-type between cell survival and number of pulses is observed. That is, the killing effect of nsPEF on cells has a threshold effect, which is consistent with the experimental results obtained in this article.

Research based on YO-PRO-1 and propidium emission experiments shows that a greater number of pulses maintains a longer cell perforation state caused by the PEFs.^[@bibr23-1533033819876918]^ In other words, the exchange of substances inside and outside the cell is more complete. Additionally, it might be easier to destroy the balanced environment between the inside and outside of the cell, resulting in cell death.

In this article, the functional relation between cell viability and the pulse energy density σ*E*^2^τ*N* is established, allowing analysis of the combined effects of multiple parameters on cell viability. Based on the hypothesis that the intensity of bioelectric effects is determined by the charge transferred through the cellular membrane above the threshold for EP, Schoenbach *et al*^[@bibr24-1533033819876918]^ established the scaling law between the bioelectrical effects of a cell under nsPEF and 3 pulse parameters, such as field strength, pulse width, and number of pulses.

For a single nsPEF, when the pulse width is larger than the dielectric relaxation time of the cytoplasm and less than the charging time constant of the cell membrane (about 75 ns), the cell bioelectrical effects scale with *E*τ. Additionally, as the pulse width increases, under the action of a single nsPEF, the bioelectric effects are expected to scale with the pulse energy density *E*^2^τ, rather than the electrical impulse *E*τ, which is consistent with the dose--response relation obtained in this article.

For multiple pulses, if the field strength and pulse width are not far above the values that define the onset of EP, the bioelectric effects caused by nsPEF scale with *N*^0.5^, which can be explained by the random walk statistical model. When multiple pulses are applied, the position of cells with respect to the direction of the applied electric field changes randomly between pulses, analogous to the random walk statistical model, and the influence of the statistical motion of cells between pulses on bioelectric effects can be expressed as *N*^0.5^. However, in this article, cell viability scales with *N* rather than *N*^0.5^. In fact, as the electric field and pulse width increase, the permeabilized area of the cell will expand from the poles to the equator, and the effect of random motion of the cell on the bioelectrical effects is not significant. The equivalent effect is that the cell only has minor rotation between pulses. According to the theory, if there is only minor cell rotation between pulses, the effect of multiple pulses will approach a scaling law with a linear dependence on *N*. The simulation results prove that the perforation area of the cell membrane will obviously expand outward from the poles based on the nsPEF parameters in this study^[@bibr25-1533033819876918]^, which might be the reason why cell viability scales with *N* in this study.

In addition, the scaling law deduced by Schoenbach *et al* is applicable not only to membrane permeabilization but also to secondary bioelectric effects (such as apoptosis and cell viability) caused by membrane permeabilization,^[@bibr26-1533033819876918]^ which is in line with the application range of this article.

Mechanism of MWCNTs Enhancing the Killing Effect of NsPEFs {#section16-1533033819876918}
----------------------------------------------------------

Carbon nanotubes are 1-dimensional quantum materials with special structures (nanoscale in the radial dimension, micron-scale in the axial dimension, and almost all ends of the CNTs are sealed). Carbon nanotubes have unique electrical properties and exhibit good metallicity (conductivity of approximately 10^4^ S·cm^−1^). A previous study showed that their current-carrying capacity is 1000 times higher than that of copper wires, making them a 3-dimensional conductive matrix in the vicinity of cancer cells.^[@bibr27-1533033819876918]^ When single CNT with a 1-dimensional structure is inserted into a uniform electric field region with an amplitude of *E*~0~, the field strength-enhancing effect is generated at the tip of the CNT via the "lightning rod" effect. The degree of electric field enhancement at the tip of the CNT can be estimated by the following equation^[@bibr28-1533033819876918]^:
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where *E*~tip~ is the electric field strength at the tip of CNT, and β is a constant. *L* and *D* represent the length and outer diameter of CNT, respectively. The high aspect ratio (*L*/*D*) of CNT explains why CNT can concentrate the field well and promote EP.

In addition, it has been reported that CNTs in electromagnetic fields could also cause mechanical damage by direct physical contact with the cell membrane.^[@bibr8-1533033819876918],[@bibr29-1533033819876918]^ Carbon nanotubes will randomly adsorb around the cell membrane due to their large specific surface area and strong surface electrostatic interaction before the electric field is applied, and some of CNTs will also bind to cell membrane phospholipids.^[@bibr8-1533033819876918]^ At this time, the presence of CNTs has no effect on cell morphology. However, when the electric field is applied, the CNTs will rotate in the electromagnetic fields due to polarization until the CNTs are finally rotated in the same direction as the applied electric field. During the rotation of the CNTs, the dielectrophoretic force induced at the tips of the CNTs will cause deformation and perforation of the cell membrane due to mechanical action.^[@bibr29-1533033819876918]^

In summary, the local field enhancement and physical destruction ability of CNTs can effectively enhance the killing effect of nsPEFs on cancer cells.

At present, the combination of nsPEFs and MWCNTs has not been applied to *in vivo* research. However, based on the results of the cell experiments in this article and the biological effect of MWCNTs, it is foreseeable that the combination of nsPEF and MWCNTs has a high potential for application in cancer treatment. *In vivo* experiments show that functionally modified MWCNTs after acupuncture or intravenous injection have the effect of targeting cancer cells, which can be highly enriched in tumor tissues. Furthermore, the near-infrared fluorescence characteristics of MWCNTs can achieve nondestructive imaging observation of tumor tissues. By combining nsPEFs with MWCNTs, which have targeted recognition and autofluorescence imaging properties, electric field energy can be more accurately delivered to tumors under the premise of improving the electrical safety of nsPEFs, and it is also convenient to study the action mechanism of nsPEFs combined with MWCNTs on *in vivo* tissues, which is of great significance in the field of clinical medicine.

Conclusion {#section17-1533033819876918}
==========

This article is the first to investigate the effect of multiple nsPEF parameters on the viability of *in vitro* A375 cells treated with nsPEFs combined with MWCNTs applied at a safe concentration, as measured in this study. With increasing field strength, pulse width, or pulse number, the cell viability increases. Field strength, pulse width, or pulse number must exceed a threshold to affect cell viability. Additionally, the effect of each pulse parameter on cell viability becomes saturated. The relationship between cell viability and pulse energy density, σ*E*^2^τ*N*, is S-type. The introduction of MWCNTs with good electrical properties and a 1-dimensional structure does not affect the above rules but can significantly enhance the ability of nsPEFs to kill cancer cells. And MWCNTs have the potential to improve the electrical safety of nsPEFs for the treatment of tumors, which is of great significance in promoting the process of nsPEFs treatment of tumors.
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